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Introduction
Background (1/2)
- Tire noise can be categorized by types of its propagation; Airborne and structure-borne
- Perception and frequency ranges vary depending on the type
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Introduction
Background (2/2)
- Tire Pavement Test Apparatus (TPTA) is a unique device for tire noise research (Max 30 mph, Max 1,000 lbs)
- Designed originally for airborne noise from tire-pavement interaction (above 300 Hz)
recently utilized for tire structure-borne vibration measurement (below 300 Hz)
Airborne (ABN) Structure-borne (SBN)
Purpose

Tire-pavement
Interaction

Tire force
excited by pavement

Freq. Range

Above 300Hz

Below 300Hz

Measurement

Sound Pressure
Sound Intensity

Acceleration
Force

TPTA

2 / 17

Problem Definition
Problem definition (1/2)
- One research topic in SBN is to quantify the input force to the hub from the tire (Tire blocked force)
- Acceleration and force originating from a tire are measured and compared with that from simulation
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Problem Definition
Problem definition (2/2)
- A significant discrepancy was observed in the X-direction (tire fore-aft direction) near 150~170 Hz
- The discrepancy was rooted in the resonant structural vibration of the TPTA tire support structure
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Objective of the research
Objective
- To identify the root cause of the rig resonance
- To attenuate the rig resonance

→ Experimental Modal Analysis (EMA)
→ Implementation of tuned mass damper (TMD)
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Objective of the research
Objective
- To identify the root cause of the rig resonance
- To attenuate the rig resonance
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Experimental Modal Analysis (EMA)
Experimental Setup & Analysis Procedure
- Multi reference testing (or MIMO) with roving tri-axial accelerometer test
- Modal parameters (mode shape and natural frequency) were obtained by the following procedure
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Experimental Modal Analysis (EMA)
Mode Shape of TPTA arms at 165 Hz
- Rotating beam : mode in X-direction
- Connecting arms : Long arms (#1 & #5) mainly in X and Z-dir. Short arms (#2 & #4) in Z-dir.
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Experimental Modal Analysis (EMA)
Mode Shape of TPTA arms at 165 Hz
- Rotating beam : mode in X-direction
- Connecting arms : Long arms (#1 & #5) mainly in X and Z-dir. Short arms (#2 & #4) in Z-dir.
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Implementation of tuned mass damper
Theoretical Background
• Equation of Motion
Eqn. 1 (One arm of the primary structure)
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• Solution
Eqn. 2 (Freq. response of displacement of the primary structure)
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If we tune 𝜔2 → 𝜔 ≈ 𝜔1 , displacement of 𝑋1 and 𝑋2 will be 𝑋1 → 0, 𝑋2 → 𝑘𝑜
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Implementation of tuned mass damper
Tuning of the mass damper
Baseline Mass Damper

Tuned Mass Damper
Stiffness
(Rubber)

Stiffness
(Rubber)

Mass
(Steel)

- Stiffness : 100%
- Mass : 100% (280g, mass ratio 9%)
- Tuned Frequency : 200 Hz

Mass
(Steel)

Added
Mass

- Stiffness 80%
- Mass 185% (520g, mass ratio 17%)
- Tuned Frequency 165 Hz (Frequency ratio 1.0)
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Implementation of tuned mass damper
Fabrication of the mass damper
Fabricated by Ford (Roush)
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Implementation of tuned mass damper
Installation and measurement
- Five TMD’s installed on each connecting arm based on their target directions
- Frequency response at individual arms and hub center were analyzed to validate the performance
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Vibration attenuation on TPTA
Component-level validation
- Frequency response of individual arms (inertance)
- With the TMD, frequency response of peak inertance at arm center around 160 Hz
was reduced by 74% and 24% in arm 4 and arm 5, respectively

Inertance [m/s2/N]

FRF of arm 4 in Z-dir.
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Vibration attenuation on TPTA
System-level validation
- Frequency response at the hub center under tuned mass damper installed condition
Static condition
Impact hammer excitation (tire non-rolling)
Response at the hub (inertance)
Tire loaded

Dynamic Condition
TPTA operating excitation (tire rolling)
Response at the hub (acceleration & force)
Tire loaded
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Vibration attenuation on TPTA
System-level validation (Static condition)
- Tire loaded (1,000 lbs) and non-rolling (0 mph) condition
- With the TMD, frequency response of peak inertance at the hub center at around 160 Hz
was reduced by 65% and 32% in X and Z-directions, respectively
FRF at the Hub in Z-dir.
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FRF at the Hub in X-dir.
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Vibration attenuation on TPTA
System-level validation (Dynamic condition, Acceleration measurement)
- Tire loaded (1,000 lbs) and rolling (10, 20, 30 mph) condition
- At 10 mph, the acceleration was reduced by -3.6 dB (RMS) in X-direction
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Vibration attenuation on TPTA
System-level validation (Dynamic condition, Acceleration measurement)
- Tire loaded (1,000 lbs) and rolling (10, 20, 30 mph) condition
- At 20 mph, the acceleration was reduced by -5.9 dB (RMS) in X-direction
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Vibration attenuation on TPTA
System-level validation (Dynamic condition, Acceleration measurement)
- Tire loaded (1,000 lbs) and rolling (10, 20, 30 mph) condition
- At 30 mph, the acceleration was reduced by -7.9 dB (RMS) in X-direction
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Vibration attenuation on TPTA
System-level validation (Dynamic condition, Force measurement)
- Tire loaded (1,000 lbs) and rolling (10, 20, 30 mph) condition
- At 30 mph, the force at the hub center at around 150 ~ 170 Hz
was reduced approximately by 10 dB in the target X-direction
FFT of a tire force in X dir. at 30 mph
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Conclusion
1. Purpose of this work was to analyze the rig resonance of the TPTA (Tire Pavement Test Apparatus)
and to implement TMD’s on the test apparatus as a vibration mitigation measure
2. Rig resonance was analyzed using the EMA (Experimental Modal Analysis)
By the method, modal parameters of the rig were obtained, and target frequency was defined
3. Five mass dampers were tuned to make their tuned frequency equivalent to target frequency
and installed on the five connecting arms with respect to their target directions
4. Implementation of the TMD’s was proved to be effective
in suppressing the rig resonant vibration under three different test conditions
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